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An analog of 1-͑3-methoxycarbonyl͒propyl-1-phenyl-͓6,6͔-methanofullerene ͑PCBM͒ was designed with the aim of improving miscibility with polythiophene donors, especially poly͑3-hexyl thiophene͒ ͑P3HT͒. In the title compound the phenyl group from PCBM is replaced by a thienyl group, it is named 1-͑3-methoxycarbonyl͒propyl-1-thienyl-͓6,6͔-methanofullerene ͑ThCBM͒. In this letter, experimental studies of the morphology, charge transport, and solar cell performance in blends of P3HT:ThCBM are reported. This may open a route for the design of more specific fullerene based acceptor materials, which may optimize the morphology of bulk heterojunction photovoltaic devices with respect to their transport. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2397003͔
Organic photovoltaic devices consisting of three dimensional interpenetrating networks of conjugated polymers and a C 60 derivative represent a challenging alternative for renewable sources of electrical energy. 1 In the last few years, several efforts to improve the efficiencies of these devices were undertaken. [2] [3] [4] One major improvement to this device structure was obtained by optimizing the morphology of the blend by casting the polymer and 1-͑3-methoxycarbonyl͒ propyl-1-phenyl-͓6,6͔-methanofullerene ͑PCBM͒ from a solvent that prevents large scale phase separation and enhances the polymer chain packing. Bulk heterojunction solar cells made from poly͓2-methoxy-5-͑3Ј, 7Ј-dimethyloctyloxy͒-1, 4-phenylene vinylene͔ ͑MDMO-PPV͒ and PCBM reached a power conversion efficiency of 2.5%. 2 A step forward towards higher efficiency was reached by replacing MDMO-PPV with a high-mobility polymer as the light absorber and the electron donating material. For pristine regioregular poly͑3-hexyltheopene͒ ͑P3HT͒, the highest reported hole mobility amounts to 0.1 cm 2 V −1 s −1 , 5 whereas the hole mobility of pristine MDMO-PPV measured under the same circumstances is 5 ϫ 10 −4 cm 2 V −1 s −1 . 6 Moreover, P3HT has the advantage of an enhanced photostability and an improved optical absorption in the visible region which results in a better overlap with the solar emission compared to MDMO-PPV. The most promising polymer solar cells developed to date in terms of efficiency and stability is based on a combination of P3HT as donor and PCBM as acceptor. 7 The efficiency of solar cells based on P3HT and PCBM was shown to depend strongly on the processing conditions, and, in particular, it shows an improvement when the devices are thermal annealed. 7 A replacement of PCBM in bulk heterojunction photovoltaic devices was not found so far. Herein, an analog of PCBM was designed with the aim of improving miscibility with polythiophene donors, especially P3HT. In this compound the phenyl group from PCBM is replaced by a thienyl group, resulting in 1-͑3-methoxycarbonyl͒ propyl-1-thienyl-͓6,6͔-methanofullerene ͑ThCBM͒ ͑see inset of Fig. 1͒ . Subtle as this modification may seem, we have previously observed that even slight modifications of the PCBM structure may lead to significant changes in its solubility, the morphology of the spin coated films, and charge carrier transport. The synthesis of this compound was done using procedures as described for PCBM ͑Ref. 8͒ ͑see supporting information͒. Cyclic voltammetry measurements of ThCBM show that the energy levels of the highest occupied molecular orbital ͑HOMO͒ and lowest unoccupied molecular orbital ͑LUMO͒ are identical to those of PCBM. In this letter we report experimental studies of the morphology, charge transport, and solar cell performance in blends of P3HT:ThCBM. The results indicate that ThCBM provides the same charge carrier mobility as PCBM and that a highly functional bulk heterojunction morphology with P3HT can be obtained.
Prior to investigating solar cells made with this methanofullerene as active layer component, it is important to determine its electron transport properties, since this is a relevant parameter which strongly influences the solar cell performance. 9 a chlorobenzene solution, an electron mobility of 2 ϫ 10 −3 cm 2 V −1 s −1 has been observed. 10 ThCBM is not as soluble as PCBM in chlorobenzene but it dissolves readily in ortho-dichlorobenzene ͑ODCB͒. Hence, for a better comparison, the electron mobilities of PCBM and ThCBM were determined in films spun from ODCB solution.
The devices were prepared on indium tin oxide ͑ITO͒ covered glass substrates, which were cleaned using normal cleaning procedure and finalized by exposing in a vacuum plasma cleaner for 20 min. Subsequently, a 60 nm thick layer of poly͑3,4-ethylenedioxythiophene:poly͑styrene-sulfonate͒ ͑PEDOT:PSS͒ was spin coated from an aqueous dispersion under ambient conditions. Afterwards the layer was dried in the laboratory oven at 140°C for 10 min. A thin layer ͑Ϸ200 nm͒ of a blend of P3HT:ThCBM ͑50: 50 wt % ͒ solution in chloroform was spin coated on top of a PEDOT:PSS layer using a Karl Suss spin coater. To complete the solar cell devices, Sm ͑5 nm͒, and subsequently Al ͑100 nm͒ electrodes were deposited by thermal evaporation under vacuum ͑1 ϫ 10 −7 mbar͒. The thermal annealing was performed on complete P3HT:ThCBM devices in the nitrogen ͑N 2 ͒ atmosphere on a hot plate at 150°C for 4 min. The electron-only and the hole-only devices used to investigate the electron transport in the pristine ThCBM ͑and PCBM͒ films and the hole transport in P3HT:ThCBM films were fabricated in the same way as was presented above except for the top electrode which was replaced with a lithium fluoride ͑LiF , 1 nm͒ /Al ͑100 nm͒ electrode for electron-only devices, and Pd ͑50-60 nm͒ in the case of hole-only devices. Current density-voltage ͑J-V͒ characteristics were measured at room temperature, inside the N 2 glove box, with a computer-controlled Keithley 2400 source meter, in the dark or under illumination by a halogen lamp. The morphology of the representative films was determined using atomic force microscopy ͑AFM͒ operating in a tapping mode with a silicon cantilever, under ambient conditions. Among the various methods to determine the charge carrier mobility we regard the most appropriate one, the analysis of the space-charge limited current ͑SCLC͒ by investigating its ͑J-V͒ characteristics in the dark. For a trap-free semiconductor, assuming that the injecting contact is Ohmic, the SCLC is given by the Mott-Gurney 11 equation J ϰ V 2 L −3 , where is the charge carrier mobility, V is the applied voltage, and L is the thickness of the active layer. The dependence of the charge carrier mobility on the electric field must be taken into account for disordered organic materials. Thus, the SCLC is given by 12
where e is the zero-field electron mobility, ⑀ 0 is the vacuum permittivity, ⑀ r is the relative dielectric constant, ␥ the field activation factor, and V / L is the applied electric field ͑E͒. The ⑀ r for ThCBM as well as for PCBM ͑Ϸ3.9͒ was determined from impedance spectroscopy measurements. Hence, the only unknown parameter in Eq. ͑1͒ is the charge carrier mobility. The J D -V characteristics of an electron-only pristine ThCBM device, measured at room temperature, are depicted in Fig. 1 . The active area was 0.1 cm 2 . Based on the work function of ITO/PEDOT:PSS ͑Ϸ5.2 eV͒ and LiF / Al ͑ഛ3.7 eV͒, compared with the HOMO ͑6.1 eV͒ and LUMO ͑3.7 eV͒ levels of ThCBM, one can assume that the current through the device is dominated by the electrons, since only electrons are injected from LiF / Al electrode in the forward bias ͑when ITO is positively biased͒. The value of e was extracted by fitting Eq. ͑1͒ to the experimental data, as shown in Fig. 1 . Thus ThCBM showed a e of 1.8͑±0.8͒ ϫ 10 −3 cm 2 V −1 s −1 at room temperature. For PCBM films, spin coated from ODCB solution, a e of 1.4͑±0.5͒ ϫ 10 −3 cm 2 V −1 s −1 was obtained accordingly. These values of e are similar to those observed previously for PCBM films spun from chlorobenzene. 10 Moreover, both methanofullerenes have the same electron mobility, which indicates that the electron transport properties of PCBM are not altered upon replacing the phenyl group by a thienyl moiety. In the following we studied the influence of the thermal annealing of a photoactive P3HT:ThCBM layer on the solar cell performance. The P3HT:ThCBM blend devices are made as was described above. The J-V characteristics of the solar cell devices, in the dark and under illumination, as cast and after thermal annealing are represented in Fig. 2 . A substantial increase in the current is observed upon annealing, reflecting a higher overall mobility. For the as cast devices the performance characteristics were short circuit current density ͑J SC ͒ = 14.35 A / m 2 , open circuit voltage ͑V OC ͒ = 0.59 V, fill factor ͑FF͒ = 36.5%, and power conversion efficiency ͑͒ = 0.31%. After thermal annealing the J SC increased to 83.65 A / m 2 . Due to annealing, the overall polymer crystallinity has improved and the hole mobility is increased, as will be demonstrated in the following. The devices show an increase in FF from 36.6% to 61.4% upon thermal annealing. This suggests an increase in carrier transport and it results in of 3.03%.
In order to investigate the hole transport through the P3HT phase in a blend with ThCBM, the electron current through the ThCBM phase has to be blocked. This can be done by choosing proper electrodes which suppress the injection of electrons into the device, resulting in a hole-only device. Herein the hole-only devices were fabricated with the following structure: ITO/PEDOT:PSS/P3HT:ThCBM/Pd. The work function of PEDOT:PSS is about 5.2 eV. Hence, PEDOT:PSS serves as an Ohmic contact for hole injection into HOMO of P3HT ͓Ϸ4.9 eV ͑Ref. 13͔͒. The work function of Pd is about 5.12 eV, which leads to a large mismatch with the LUMO of ThCBM ͑Ref. 14͒ and this prevents injection of the electrons into ThCBM. When the applied voltage exceeds built-in voltage ͑V bi ͒ in this hole-only device, the transport of holes through the P3HT is limited by the space charge that accumulates, and consequently the current is described by Eq. ͑1͒. The experimental J D of P3HT:ThCBM blends that were measured in hole-only device configuration, as cast and after thermal annealing, are shown in Fig. 3 . Assuming that the device is hole dominated, the J D -V measurements then provide information on the zero-field hole mobility ͑ h ͒ of the P3HT phase in a blend. For as cast films, the h in blend of P3HT:ThCBM ͑50: 50 wt % ͒ is approximately 2 ϫ 10 −6 cm 2 V −1 s −1 and the field activation factor ␥ is 1.5ϫ 10 −4 m 0.5 V −0.5 . Upon thermal annealing of P3HT:ThCBM films an enhancement of the hole mobility by a factor of 100 was observed ͑ h Ϸ 2 ϫ 10 −4 cm 2 V −1 s −1 ͒.
The AFM images of the P3HT:ThCBM films for as cast and after thermal annealing are shown in Fig. 4 . It has been shown that whisker morphology is present in P3HT. 15 In pristine P3HT, this predominantly polycrystalline film may be formed already during the coating process and the thermal annealing does not further improve the crystallinity. A phase image of a P3HT:ThCBM spin coated film as cast ͓see Fig.  4͑a͔͒ reveals an amorphous structure. In a blend film the presence of another molecule, in this case ThCBM, might prevent crystallization of P3HT. Upon thermal annealing, more structures can be seen in the spin coated film under the AFM ͓see Fig. 4͑b͔͒ , demixing of the two components is increased, and the crystallinity of the P3HT is enhanced. 16 At this point the researcher is tempted to believe that the resulting interpenetrating network provides continues pathways in the entire photoactive layer for efficient charge carrier transport.
In conclusion, we have investigated the ThCBM for application as an acceptor material in bulk heterojunction solar cells. The electrical characterization of pristine ThCBM films reveals that its electron transport properties equal those of PCBM, which indicates that the electron transport properties are not altered upon replacing the phenyl group by a thienyl moiety. Using ThCBM in combination with P3HT as the donor counterpart the improved morphology after thermal annealing and the optimized absorber composition leads to a power conversion efficiency of 3.0%. The increase of efficiencies is due to the increasing crystallinity of P3HT and hence the enhancement of the hole mobility in the P3HT phase of the blend by two orders of magnitude relative to as cast devices.
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